Multi-beam antenna technology can effectively mitigate the impact of deep fading caused by multipath propagation on communication quality through spatial diversity and increase the reliability of wireless mobile communication systems. At the same time, the multi-beam antenna with beamforming algorithm as the key technology can realize spatial division multiple access (SDMA) by automatically adapting the weight vector of the antenna array, enhance the expected value, and suppress the interference. A novel beamforming technology increases the inner circle beam width and reduces the outer ring beam width to minimize the difference between the internal and external cell link SNR. This study considers reducing the number of cells by reasonably allocating beams, which satisfies both the requirements of coverage link quality and the difficulty of forming antenna beams. This research subject applies the scheme and strategy of improving multi-beam antenna technology in the same system. Under the requirement of cell coverage and partitioning, the related technologies and strategies combining multi-beamforming technology and space-time block code technology can obtain high coding gain and diversity gain without sacrificing bandwidth and effectivelyx improve the wireless systematic capacity.
Introduction
Interference in high altitude platform station (HAPS) communication is another major factor affecting and limiting system performance in addition to channel fading. It includes both inter-symbol interference (ISI) due to signal multipath propagation and delay spread and co-channel interference (CCI) and adjacent channel interference within the network. These interferences will cause problems such as crosstalk, dropped calls, or reduced communication quality during communication, thus reducing user satisfaction with the service. In addition, the existence of these interferences also limits the reuse of the system frequency domain, time domain, and code domain resources, which greatly hinders the improvement of system capacity. Multi-beam smart antenna technology is an effective technical means to solve these problems [1] .
The multi-beam antenna technology is based on the fact that the wireless signal is spatially separable. First, an antenna array composed of a plurality of array elements is used, and secondly, an advanced signal processing algorithm is used to weight each antenna element, so that the pattern of the antenna array form a high gain in the desired direction to enhance the desired signal. In the interference direction, a null steering is formed to suppress the interference signal, thereby effectively improving the signal-interference-noise ratio (SINR) of the receiving end, thereby improving system performance and increasing system capacity.
The application of multi-beam antenna forming techniques in HAPS communication can bring the following benefits:
(1). Improve spectral efficiency and increase system capacity [2] : Space division multiple access is achieved by using spatial characteristics at the same time interval, the same frequency and the same code channel, thereby improving system capacity and spectrum utilization efficiency. (2) . Reduce system interference [3] : By shaped beam, the beam null steering is aligned with the interference signal direction. Thus, the interference can be effectively suppressed. (3) . Reduce system construction costs [4] : Since the multi-beam antenna technology can expand the coverage area, the number of high-altitude platforms can be relatively reduced. In addition, the antenna characteristics of the multi-beam antenna can be adjusted with the help of software to make the application more flexible. These methods have reduced the construction cost of the network to some extent.
It is well known that in the actual wireless mobile communication process, the existence of multipath fading and various interferences (including co-channel interference, adjacent channel interference, or external interference), limited spectrum resources and increasing demand for data transmission rate are simultaneously existing. If you simply use multi-beam antenna technology, it is difficult to meet actual needs in many cases [5] . Therefore, research on the schemes and strategies for improving multi-beam antenna technology in the same system becomes more and more important.
This topic attempts to do some work in this area, the key point is to study the related technologies and strategies of multi-beamforming technology and space-time block code technology under the premise of considering cell coverage and partitioning requirements. Space-time block code technology can achieve high coding gain and diversity gain without sacrificing bandwidth [6] . On the condition of a relatively simple receiver structure, the space-time structure of the space-time block code can effectively improve the capacity of the wireless system [7] . However, the space-time block code brings significant inter-symbol interference and inter-user interference to some extent while bringing significant diversity gain. The reduction of inter-symbol interference and the suppression of multi-user interference are typical advantages of multi-beamforming techniques. Therefore, it is easy to consider combining the two strategies so that the two strategies can complement each other and meet the needs of the development of the HAPS communication system. Naguib and Calderbank [8] propose a method for joint beamforming in uplink space-time block codes. Its basic idea is to use a smart antenna array for beamforming on the platform receiver side and use space-time coding on the MS transmitter side.
This method is really very effective in uplink wireless transmission. However, it cannot be directly ported to the downlink because the antenna array cannot be used due to size limitations on the mobile station side. In addition, it cannot bear the complexity burden of beamforming. In the HAPS communication system, the downlink will carry more multimedia services, requiring higher system capacity and communication quality. Therefore, it is more necessary to study the beamforming technology applied to the downlink at the high-altitude platform.
Zhu and Lim and Na et al. [9, 10] propose a spacetime block code joint beamforming technique based on polarized antennas for downlink applications.
The basic idea of this type of joint technology is to use the different polarizations of the antennas to achieve the irrelevant channel, apply space-time block coding, and then perform beamforming in each polarization direction. The advantage of this method is that the structure is simple, the antenna array element spacing can be half wavelength, and the beams of the desired user are formed in each polarization direction. However, its disadvantage is that system performance is greatly affected by polarization cross-polarization discrimination (XPD). When the XPD value is high, the correlation between the two polarized channels increases, and the effect of space-time coding will decrease, which will bring higher false detection probability to the receiver decoding.
Guan et al. [11] propose a technique for space-time block code joint beamforming based on sub-array diversity structure for downlink. This type of technology generally assumes that the space-time encoder outputs N sub-streams and sends them to N antenna sub-arrays. The channels between each sub-array and the receiver antenna are mutually uncorrelated so that it could meet the irrelevant channel requirements of space-time code transmission. Within each sub-array, the channel between all antenna elements and the receiver antenna is highly correlated, and beamforming can be used to obtain the array gain.
Simple structure and lower requirements on the receiver are the advantage of this solution. However, due to the requirement of irrelevance between the channels formed by each sub-array and the receiving end, the spacing between the sub-arrays should be far enough, which actually greatly increases the size of the platform antenna array. In addition, each sub-array is a function of beamforming independently. Therefore, each subarray needs to be configured with enough array elements. This has led to a greater demand for the number of highaltitude platform-end antenna elements, which are difficult to achieve due to limited loads at high-altitude platform.
Guan and Wang [12] propose a downlink space-time block code joint beamforming technique using a single antenna array. The basic idea of the technique is to obtain two parallel weighting vectors simultaneously applied to the same transmit antenna array by eigendecomposing the correlation matrix of the channel. The two parallel weighting vectors can be implemented simultaneously: first, it is the primary purpose to ensure that the two weighted signals arriving at the receiver are uncorrelated, and secondly, the weights could be filtered on the basis of satisfying the first purpose, and then getting the highest possible SNR at the receiving end.
Compared with the previous scheme, using a single antenna array to reduce the size of the antenna at the platform end is the advantage of this scheme. In this way, the two transmit beams of the user are completed by using the same antenna array, and it could realize the sharing of the antenna elements between the two beams. Therefore, the requirement for the total number of antenna elements of the platform can be reduced. Zhu extended this scheme in the literature [13] [14] [15] ; he uses two inter-related sub-antenna arrays for transmission; and although the performance is improved, it needs to increase the number of array elements in the antenna array. These programs can still only be applied to singleuser situations.
In addition, Na et al. [16, 17] analyze the effect of different angular spreads on the performance of space-time coding combining beamforming transmission strategies. Research shows that beamforming plays a dominant role when the angular spread is small, and space-time coding plays an absolute role when the angle spread is large. Dammann et al. [18] study the performance and algorithm of space-time coding joint beamforming in frequency selective fading channels.
A novel beamforming technology increases the inner circle beam width and reduces the outer ring beam width to minimize the difference between the internal and external cell link SNR in the study. This study considers reducing the number of cells by reasonably allocating beams, which satisfies both the requirements of coverage link quality and the difficulty of forming antenna beams. This research subject applies the scheme and strategy of improving multi-beam antenna technology in the same system. Under the requirement of cell coverage and partitioning, the related technologies and strategies combining multi-beamforming technology and space-time block code technology can obtain high coding gain and diversity gain without sacrificing bandwidth and effectively improve the wireless systematic capacity.
Methodology
The topology of the antenna array formed by the transmit beam of the multi-beam antenna system may be uniform linear, circular, planar, and so on. Its typical feature is that all array elements of the entire antenna array are related in terms of spatial characteristics and the geometrical structure is that the spacing between the antenna elements is very close. The number of array elements of the transmitting antenna array is M, and the array meets the following requirements: (1) the spacing of the array elements is small enough to ensure that the amplitudes of the signals received by the array elements are the same, generally λ/2, λ is the carrier wavelength; (2) there is no coupling between the array elements; (3) the incident signal band on the array aperture is small relative to the carrier frequency. θ 0 is the desired user direction. θ i is the number i interfering user direction, and W = [w 0 , w 1 ,..., w M−1 ] is the weight vector of the antenna array at the transmitting end.
Assuming that both the desired user and the interfering user are in the far area of the antenna array and without considering the receiver noise and assuming that the transmit power of each transmit antenna is constant, the electric field strength observed for the farfield receiving point in direction θ can be expressed as
Α m is the wave attenuation factor from the transmitting element m to the receiving point in the far zone. "a * " means doing the conjugate operation to the complex number a. Assuming that the receiving point is in the far area of the antenna array and the distance is much larger than the aperture of the antenna array, it can be considered that the wave attenuation factor α m of all antenna elements reaches the same receiving point, that is, α m ≈ α 0 . Therefore, the above formula can be rewritten as
a(θ) = [1, e jπsinθ , e j2πsinθ ,...e j(M−1)πsinθ ] T is the steering vector of the array in the θ direction. The normalized electric field strength in the θ direction can be expressed as
It can be seen from Eq. (3) that the beam pattern formed by the transmit beam is exactly the same as the beam pattern formed by the receive beam, so many optimal weighting coefficient optimization criteria for receive beamforming can be applied in transmit beamforming. However, it is also recognized that there are some differences between transmit beamforming and receive beamforming. These differences are mainly manifested in the following:
(1). Receive beamforming can easily obtain accurate uplink channel characteristic inbeam-forming, but it is difficult to know the characteristic inbeamforming of the downlink channel. There are currently three ways to solve this problem. The first method is to use the uplink channel inbeamforming to estimate the downlink channel, which is feasible in TDD (time division duplex) system. The second method is designed for the FDD (frequency division duplex) system, which is used to estimate the uplink channel inbeam-forming after being subjected to a frequency correction. The third method is to make a closed-loop structure. However, the last solution is not optimistic, since it will waste system resources, additional delays, and vulnerability to upstream channel interference. (2) . The transmit beamforming is completed at the transmitting end and only acts on the transmitted signal without amplifying the receiver noise. Therefore, when studying the transmit beamforming, the influence of the beamforming algorithm on the received noise can be ignored. (3) . Transmit beamforming should ensure a constant total transmit power. For wireless communication systems, the total transmit power of the system is limited, thus the transmit beamforming must ensure that the transmit power of the system is not increased.
Thereby, the transmit beamforming can be mapped to the following optimization problems:
Constraint 2 W H W ¼ 1 θ 0 is the desired user direction. θ i is the direction of the number i interference user, and the system includes N users. The objective function is to ensure that the main lobe is formed in the desired user direction. The first constraint is to form the null steering in the direction of other N-1 interfering users, thereby reducing interference to other users. The second constraint is to ensure that the total transmit power of the system is constant.
Beamforming research of HAPS communication multi-beam antenna system
In order to solve this optimization problem, it is assumed that the base station transmitter knows the downlink signal wave off-angle inbeam-forming. The solution is solved by a slight improvement of the max SNR method and the linear constrained minimum variance (LCMV) method in the received beamforming. These methods are physically designed to achieve the maximum "expectation/interference" ratio, so the optimal solution they can achieve should be equivalent.
Here, another method for determining the transmit beamforming weight vector based on zero space is also given.
From the first constraint of Eq. (4), it can be seen that the weight vector W of the M × 1 dimension must be within the zero space of the (N-1) × M dimension matrix B = [a(θ 1 ), a(θ 2 ),...a(θ N−1 )] H . The weight vector W is decomposed into the product of a M × (M-L) dimensional matrix and a (M-L) × 1 dimensional column vector, that is, W =Pq , where L is the rank of the matrix B, that is, L = rank(B). Singular value decomposition of the matrix B
Σ is the diagonal matrix composed of the singular values of matrix B.V (1) , V (0) are the right singular vectors corresponding to non-zero singular values and zero singular values, respectively. According to the nature of matrix singular value decomposition, when P = V (0) , it can be guaranteed that the weight vector W is in the zero space of the B matrix, that is, the first constraint in Eq. (4) is satisfied.
Bring the above results into the objective function of the optimization problem, we could get
Let K=P H a(θ 0 ) a H (θ 0 ) P, for the abovementioned optimization problem, when q is the eigenvector corresponding to the maximum eigenvalue of the matrix K, the above formula can reach the maximum.
where Λ is a diagonal matrix composed of matrix K eigenvalues, and the eigenvalues are in descending order. v 1 , v 2 ,..., v M−1 are eigenvectors corresponding to the eigenvalues in Λ. Thus,
Finally, the weighting vector obtained by multiplying q and P = V (0) is normalized (the second constraint of Eq. (4) is satisfied, that is, the total transmit power is constant for each user), the final weight vector of the required transmit beamforming can be obtained, that is 
In summary, it can be seen that the beamforming technology of the multi-beam antenna system, that is, the beamforming technique, utilizes the difference in the wavelength separation angle observed at the base station end during signal space transmission to achieve spatial differentiation. The direction of the formed beam is also measured by angle.
The organic combination of space-time block code technology and multi-beam antenna beamforming technology can effectively improve the communication quality and communication capacity of the entire communication system. However, there are huge contradictions between the two technologies on the requirements of the application environment, mainly in the requirements of the correlation of the different spatial channels formed by the array antennas of the transmitting antennas to the receiving antennas.
As can be seen from the description of the spacetime block code and the smart antenna beamforming technique in the previous section, the space-time block code requires that the fading channels formed from the respective transmit antenna elements to the receive antennas are mutually uncorrelated, that is, the interval between the transmitting antenna elements is required to be sufficiently large (about 10λ, λ is the carrier wavelength). However, the smart antenna beamforming technique requires an antenna spacing that is sufficiently small (less than or equal to λ/2) to enable antenna shaping using signal correlation. This contradiction determines that space-time block codes and smart antenna beamforming techniques cannot be directly applied in combination, and the special strategies must be adopted to solve the problem.
The coverage characteristics of HAPS communication system
At present, there are two common methods for cell division. The first method is to use the terrestrial cellular system for division. The coverage area is divided into a plurality of equal-sized equilateral hexagons, and each cell is covered by adjusting the shape of the antenna beam. The advantage of this kind of division is that each cell is equal in size and easy to manage; the disadvantage is that antenna beamforming is difficult, and beam-tobeam interference is easy to form. The second method is an elliptical cell structure. By fixing the size of the antenna beam, it is covered in an elliptical form. The antenna required for this structure is simple, but the single-beam coverage of the outer ring is much larger than that of the inner ring. Such excessive coverage may cause insufficient channel capacity. Obviously, a cell division method, which is suitable for HAPS communication, can be found which can combine the advantages of the above two cell division methods and appropriately avoid their disadvantages. And utilizing this method could avoid the problem of increased user switching and the change of a large number of cell positions caused by the platform swinging and rotating.
Compared with the cell scheme, the elliptic cell scheme has the problem of uneven SNR distribution and a large difference in the coverage area.
But the cell also has problems. The antenna beam is covered by the division of the cell, and the antenna beam is required to be elliptical. The smaller the elevation angle is, the greater the curvature is. Therefore, this method has strict requirements on the manufacturing technology of the antenna, which greatly increases the cost. Therefore, an improved multi-layer elliptical cell scheme can be considered. Increasing the width of the inner ring beam and reducing the width of the outer ring beam could minimize the difference in the SNR between the inner and outer cell links. At the same time, the area of the inner circle cell is increased, and the area of the outer circle cell is reduced. Besides, it is also considered to meet the requirements of the quality of the covered link by reasonably allocating the beam, and the difficulty of antenna beamforming should also be properly considered.
The choice of beam size needs to be optimized based on parameters such as capacity, number of antennas, and beamforming difficulty. While ensuring the number of beams, that is, the number of cells, increasing the spatial division multiplexing degree of the platform spectrum can increase the system capacity.
After adopting the structural design of the improved multi-layer elliptical cell, the ground coverage formed by the beam under the condition of cell swing and rotation is shown in Figs. 1 and 2 .
As can be seen from Figs. 4 and 5 , when the platform is swaying, the multi-beam antenna scans the ground to form a strip cover; when the platform rotates, the multibeam antenna scans the ground to form a ring cover. Regardless of whether it is a strip cover or a ring cover, the user in the coverage area does not need to consider the interval switching when the platform moves, thereby greatly reducing the position update and interval switching caused by the platform swing and rotation, thereby improving system efficiency. Therefore, it can effectively avoid the influence of platform swing and rotation on the system. The height of the platform is in kilometers. The traditional beamforming method is used, and a twodimensional phased array antenna with beam direction angle (θ 0 , ϕ 0 ) is used.
Communication is possible when the user is in the beam range. Therefore, the setting of beam dwell time and scanning frequency is a crucial factor. The system design must be properly modified to meet the scanning structure of this beam.
Assuming that the beam azimuth is ϕ c , the overlap angle between two consecutive beams is ϕ cv , and the angle between the bisectors at the intersection of two consecutive beams is ϕ cz , as shown in Fig. 3 .
The ground azimuth ϕ c can be approximated as
BW ϕ is the beamforming half-beam bandwidth in the ϕ 0 plane. Figure 4 shows the relationship between ground azimuth and antenna dimensions for different antenna elevation angles. As the antenna dimensions increase, the ground azimuth decreases and tends to be equal.
It is assumed that each ring cell is determined by the inner ring radius r 1 , the center radius r , and the outer ring radius r 2 , and the ring cell width is w r . When ϕ 0 = 0, the half beam bandwidth is
The uniform linear phased array antenna composed of N similar elements, whose element space is d, is equally divided into M subarrays (1≤ M≤ N), which are recorded as M × N subarray antenna arrays.
θ x0, θ y0 is the one-dimensional beam bandwidth of the antenna array M × N, and the size is 
It can be seen from Eqs. (13) and (14) that the size of the M × N antenna array in the x-axis and y-axis directions determines the beam bandwidth of the antenna. Obviously, when M, N are not equal, the antenna beam size will follow the orientation. The change of angle ϕ 0 would result in a change in the width of the ring cell, which inevitably results in inconsistent size of the ring cell.
In order to keep the size of each ring cell consistent, consider the square antenna of the M = N platform antenna.
For the sake of simplicity of analysis, assuming d x = d y = 0.5λ, the ring cell width can be expressed as
The area of the ring cell A r can be expressed as
It can be seen from Eqs. (15) and (16) that w r increases as the depression angle θ 0 increases (the elevation angle decreases), and decreases as the dimension of the antenna array increases. Therefore, in order to alleviate the problem that the performance of the communication link is degraded when the ring cell is too wide at low elevation angles, this paper uses a multi-array antenna (increasing the value of N). The area of the ring cell increases with the increase of the depression angle θ 0 , and decreases as the antenna array dimension (N value) increases. By adopting the design of the ring cell, the impact of the platform rotation on the HAPS communication link is effectively suppressed. Figure 5 shows the relationship between the antenna depression angle θ 0 and the width of the ring cell w r when the height of the platform is 20 km. It can be seen from Fig. 6 that the area of the ring cell increases as the depression angle θ 0 increases, and decreases as the antenna array dimension (N value) increases.
The multi-layer ring cell scheme is proposed in this paper. The scheme is increasing the inner circle beam width and reducing the outer circle beam width, thereby minimizing the difference between the inner and outer cell link SNRs. At the same time, it also increases the area of the inner circle cell and reduces the area of the outer circle cell. When designing the cell structure, it is also considered to reduce the number of cells by reasonably allocating beams. According to the development of multi-beam antennas in the literature, the number of beams of multi-beam antennas in foreign countries can reach more than 200, while the domestic development is slow. The number of beams currently considered is below 35, an example of a four-layer ring cell with a single platform elevation angle of 5°.
The beam distribution is shown in Figs. 7 and 8 . The antenna beam distribution expression is In Eq. (17), the front chaetosema indicates the ring number, the lower chaetosema indicates the half beam width, and the middle number indicates the beam number. For example, 1 (1 40 ) means that the first ring (intermediate ring) has a beam with a half beam width of 40°. This solution center uses wide beam coverage with a half beam width of 40°. Because the communication distance is short, the elevation angle is high, and the channel is good, so that communication needs can be met. In the edge region, a beam with a half beam width of 5°is used to compensate for the negative effects of long communication distance and low elevation angle by maximizing the antenna gain. The link needs to meet the SNR of the communication requirements while leaving a certain margin. However, higher power and G/T values are required for antennas of platforms and user terminals. The downlink has a large margin relative to the uplink SNR.
Results and discussion
Multi-beam antenna technology has an automatic adaptive beam steering function, which actually concentrates the transmit power in other directions to the main beam direction for directional transmission. Therefore, compared with the conventional antenna, the signal using the multi-beam antenna technology can be transmitted to a much farther distance under the condition of the same transmission power, thereby increasing the coverage. This topic considers the use of an improved elliptical cell scheme: Increasing the inner circle beam width and reducing the outer ring beam width to minimize the difference between the internal and external cell link SNR. At the same time, the area of the inner circle cell is increased, and the area of the outer circle cell is reduced. This study considers reducing the number of cells by reasonably allocating beams, which satisfies both the requirements of coverage link quality and the difficulty of forming antenna beams. This research subject applies the scheme and strategy of improving multi-beam antenna technology in the same system. Under the requirement of cell coverage and partitioning, the related technologies and strategies combining multibeamforming technology and space-time block code technology can obtain high coding gain and diversity gain without sacrificing bandwidth, and effectively improve the wireless systematic capacity.
Abbreviations CCI: Co-channel interference; FDD: Frequency division duplex; HAPS: High altitude platform station; ISI: Inter-symbol interference; LCMV: Linear constrained minimum variance; SDMA: Spatial division multiple access; SINR: Signal-to-interference and noise ratio; SNR: Signal-to-noise ratio; TDD: Time division duplex; XPD: Cross-polarization discrimination 
